Among land plants, angiosperms have the structurally most labile mitochondrial (mt) genomes. In contrast, the so-called early land plants (e.g., mosses) seem to have completely static mt chromosomes. We assembled the complete mt genomes from 12 mosses spanning the moss tree of life, to assess 1) the phylogenetic depth of the conserved mt gene content and order and 2) the correlation between scattered sequence repeats and gene order lability in land plants. The mt genome of most mosses is approximately 100 kb in size, and thereby the smallest among land plants. Based on divergence time estimates, moss mt genome structure has remained virtually frozen for 350 My, with only two independent gene losses and a single gene relocation detected across the macroevolutionary tree. This is the longest period of mt genome stasis demonstrated to date in a plant lineage. The complete lack of intergenic repeat sequences, considered to be essential for intragenomic recombinations, likely accounts for the evolutionary stability of moss mt genomes.
Introduction
Plants are well known for their large and, in an evolutionary context, labile mitochondrial (mt) genomes (Palmer and Herbon 1988; Palmer et al. 2000 ; reviewed by Knoop [2004] , Knoop et al. [2011] , and Mower et al. [2012] ), with the structure differing in some cases among congeneric species or even conspecific populations of angiosperms (Allen et al. 2007; Darracq et al. 2010; Chang et al. 2011) . Changes in gene order can result from intragenomic nonhomologous recombination between repeat sequences in intergenic spacers, and the phylogenetic frequency of rearrangements may be correlated to the abundance of such repeats (Maréchal and Brisson 2010; Arrieta-Montiel and Mackenzie 2011) .
Approximately 50 land plant mt genomes have been fully sequenced, with a severe sampling bias toward angiosperms. Although the structure of the mt genome has been highly dynamic during the diversification of vascular plants, resulting in an average of 31 rearrangements between any two samples, the structure of early land plant (i.e., bryophyte) mt genome has been largely static . The mt genomes of two hornworts that diverged ±100 Ma (Villarreal and Renner 2012) differ by only five changes in gene order Xue et al. 2010) . Among three liverworts spanning the base of the liverwort tree of life, the mt genome varies slightly in gene content but is constant in gene order ). The two mt genomes available for mosses share an identical set of genes and are completely syntenous (Liu et al. 2011 ). These two taxa belong to two distinct subclasses of the macroevolutionary crown group of mosses (i.e., those with jointed peristomes; Goffinet et al. 2009 ), whose diversification started ±200 Ma (Newton et al. 2007) . Whether the mt genome synteny extends deeper in the moss tree of life and hence, whether the structural integrity of the mt genome in mosses is maintained over long geological time periods remains unknown.
Results and Discussion
Size and Gene Content of Moss mt Genomes and 141 kb (supplementary  table S3 , Supplementary Material online), a range much narrower than that observed among vascular plants (200-11,000 kb; Chang et al. 2011; Sloan et al. 2012) . Within mosses, the mt genome is largest in the most basal genus sampled (i.e., Sphagnum, 141 kb), and assuming this is the plesiomorphic condition, rapidly decreases in size through the loss of introns and shortening of intergenic spacers to ±105 kb in peristomate mosses ( fig. 1a ). This trend contrasts with the general size increase along the land plant tree of life ( fig. 1b) . In all peristomate mosses, the total exonic component is larger than both the intronic or intergenic components ( fig. 1a and (Liu et al. 2011 ) but much lower than in hornworts (Xue et al. 2010 ) and vascular plants (Liu, Wang, Cui, et al. 2012 ).
Causes of Size Variations in Moss mt Genomes
Moss mt genomes share 27 introns, including 3 group I and 24 group II introns (supplementary fig. S1 , Supplementary Material online). Only Hypnum lacks one of these, the nad7i209g2 intron. Sphagnum harbors three additional introns: Two group II introns in cox1 (cox1i323g2 and cox1i1200g2) and one group I intron in the ribosomal small subunit gene (rrn18i839g1), with the latter occurring also in the "basal" peristomate mosses (i.e., Tetraphis, Atrichum, and Buxbaumia; supplementary fig. S1, Supplementary Material online). Furthermore, the introns of basal moss lineages tend to be longer: cox1i511g2 and cox2i373g2 in Sphagnum and Atrichum are about 1 kb longer than in other mosses and account for the overall larger intron component of their mt genome ( fig. 1a ).
Size differences in the introns of basal and nonbasal mosses mirror those in the spacers. The spacers make up approximately 54 kb (i.e., 38% of the whole mt gnome) in Sphagnum but only for 32-38 kb (31-35%) in other mosses (table 1) . The mt genomes may expand through localized duplication (Liu, Wang, Cui, et al. 2012) , acquisition of foreign mt DNA through horizontal gene transfer , or intracellular transfer of plastid or nuclear DNA (Goremykin et al. 2012) . Within the mt genome of Sphagnum, a 200-bp fragment resulting from the pseudogenization of a duplicate atp8 gene was detected between the nad6 and cox2 gene. Similar pseudogenized fragments were also found in the mt genome of Atrichum and Tetraphis, but overall the duplication of mt genes is rare in mosses, in contrast to liverworts and Huperzia with 14-40 and 70 pseudogenized duplicate genes, respectively (Liu et al. 2011; Liu, Wang, Cui, et al. 2012 ). Transfer of foreign mt genes into any moss mt genome has not been detected (Liu et al. 2014) . The mt genomes of many plants harbor promiscuous DNA of plastid origin, representing 0.5-11.5% of the total mt genome (Alverson et al. 2010; Richardson et al. 2013) . DNA of plastid origin was never detected in any of the newly sequenced moss mt genomes (table 1; supplementary table  S6 , Supplementary Material online), which is consistent with previous observations (Terasawa et al. 2007; Liu et al. 2011) .
The mt genomes may acquire DNA transferred from the nuclear genome in the spacers. Blasting the intergenic spacers against the Physcomitrella nuclear genome (Rensing et al 2008) , suggests that an average of 42% (i.e., 20-56%) of the intergenic spacers in mosses presents similarities to nuclear regions, a proportion within the range observed in angiosperms (Rodríguez-Moreno et al. 2011; Goremykin et al. 2012) . Given the scattered distribution of these sequences within the mt genome, transfers from the nuclear genome likely occurred multiple times within lineages. Our estimate of mt DNA of nuclear origin is preliminary, because the Physcomitrella nuclear genome is the only reference currently available. The comparison of the mt spacers of Funaria to the Physcomitrella genome returned the highest proportion (56%) of similarity as they both belong to the same family (Funariaceae), whereas the spacer regions of the most distantly related taxon (i.e., Sphagnum) revealed only 20%, a conservative estimate likely to increase following intergenomic comparison within Sphagnum. (Qiu et al. 2006) . Divergence time estimates suggest that mosses arose approximately 470 Ma, and the deepest cladogenic event among extant mosses occurred ±350 Ma (mean = 352 Ma, standard deviation = 8 Ma; fig. 2 ), congruent with previous inferences (Clarke et al. 2011; Magallón et al. 2013) . Consequently, the structure of the mt genome of mosses has remained virtually frozen for 350 My, the longest period of structural stasis of an mt genome during the diversification of land plants. Such stasis may also characterize liverworts should the assembly of the mt genome of derived leafy liverworts reveal a completely syntenous mt genome to that of Pleurozia and thalloid taxa, which compose a basal grade among liverworts.
Underlying Causes for the Stasis of Moss mt Genomes
The mt genome rearrangements result from nonhomologous, intragenomic recombination facilitated by nonadjacent sequence repeats longer than 50 bp and 85% or more similar (Andre et al. 1992; Maréchal and Brisson 2010; ArrietaMontiel and Mackenzie 2011) . Only rearrangements anchored by repeats in intergenic versus in genic regions may withstand selection and be maintained. The mt genome of vascular plants holds few to many pairs of such repeated sequences: 12-2,409 in flowering plants, 19-69 in lycophytes, and 14,031 in the sole gymnosperm sampled so far, Cycas (Chaw et al. 2008; fig. 2 ). In contrast, mt genomes of mosses, except those of Sphagnum and Atrichum, lack Repeated sequence was detected by BLASTN, sequences with similarity more than 85% and aligned length more than 50 bp were considered as repeat.
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Putative nuclear-derived sequences were detected by blasting the whole-intergenic spacer of each species against the Physcomitrella patens nuclear genome, blast hit with E value 0.0001 was summarized. For length calculation, overlapped regions in mitochondrial spacers were removed. 28  28  37  133  72  62  74  48  163  43  24  111  58  44  78  50  2409  75  75  92  71  49  49  95  109  207  12  96  90  144  96  296  171  152  96  25  76  52  17  42  234  14031  69  19  4  6  0  0  0  0  0  0  0  0  1  1  0  1  1  1  48 Given that the mt genome of liverworts has a considerable number of repeats in intergenic spacers (9-48), yet maintains its gene order, repeated sequences seem to be necessary but not sufficient to allow for intragenomic recombination. Indeed, the structure of the mt genome is maintained by a set of nuclear genes (Maréchal and Brisson 2010; ArrietaMontiel and Mackenzie 2011) , including the MutS homolog 1 (Arabidopsis; Shedge et al. 2007; Davila et al. 2011 ) and RecA-like recombinases (Arabidopsis; Miller-Messmer et al. 2012; Physcomitrella; Odahara et al. 2009 ), and knockouts of these genes lead to an increase in mt genome recombination. Thus, the structural evolution of the mt genome in land plants may be shaped by both the intrinsic (i.e., abundance and distribution of repeats) and extrinsic (i.e., control via nuclear genes) parameters.
The nature of the selective forces that maintain the highly conserved mt genome structure of mosses and liverworts is not known. It is possible that organization of genes is essential to the transcription of polycistronic operons. Angiosperm mt genomes maintain multiple promoters in the upstream region of many genes (Lupold et al. 1999; Kühn et al. 2005; Zhang and Liu 2006) , which may insure transcription in case of potential intragenomic rearrangement (Kühn et al. 2005; Liere and Börner 2011) . If early land plants lack multiple promoters, strong selection for stable mt genome would prevent disruption of operons and hence the gene transcription due to genic rearrangements.
Materials and Methods
Complete mt genomes from 12 mosses were sequenced using the next-generation sequencing method. The mt genomes have been deposited in the GenBank database (accession numbers: JX402749 and KC784949-KC784959). See supplementary material, Supplementary Material online, for detailed information on taxon sampling, mt genome sequencing, assembly, annotation, and comparative analyses.
Supplementary Material
Supplementary materials and methods, figures S1-S3, and tables S1-S8 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/). 2) were excluded from the analysis.
